The gap-plasmon resonance of a gold nanoparticle inside a nanopore in an aluminum film is investigated in polarization dependent single particle microscopy and spectroscopy. Scattering and transmission measurements reveal that gap-plasmons of this structure can be excited and observed under normal incidence excitation and collection, in contrast to the more common particle-on-a-mirror structure. Correlation of numerical simulations with optical spectroscopy suggests that a local electric field enhancement factor in excess of 50 is achieved under normal incidence excitation, with a hot-spot located near the top surface of the structure. It is shown that the strong field enhancement from this sidewall gap-plasmon mode can be efficiently excited over a broad angular range. The presented plasmonic structure lends itself to implementation in low-cost, chemically stable, easily addressable biochemical sensor arrays providing large optical field enhancement factors. Gap-plasmon resonances of metallic nanostructures are rapidly gaining interest due to their extremely high electromagnetic field enhancement which is advantageous in several practical applications including molecular sensing, 1-5 photovoltaics, 6,7 photocatalysis, 8,9 and nanolasers.
Gap-plasmon resonances of metallic nanostructures are rapidly gaining interest due to their extremely high electromagnetic field enhancement which is advantageous in several practical applications including molecular sensing, [1] [2] [3] [4] [5] photovoltaics, 6, 7 photocatalysis, 8, 9 and nanolasers. 10, 11 Metallic nanoparticles on a metallic film (known as the particle-on-mirror geometry) represent an attractive gap plasmon supporting structure because they can be prepared with low-cost methods and exhibit a resonance wavelength that can be controlled reliably by modifying the thickness of a spacer layer. [12] [13] [14] [15] [16] [17] One drawback of the particle-on-mirror structure is the need for high-angle excitation and collection due to the surface-normal polarization of the gap mode. This poses a challenge to the practical implementation of gap plasmons in sensor arrays.
A structure that could overcome this angular restriction is that of a plasmonic nanoparticle (NP) inside a nanohole (NH) in a metallic film. In such systems, hybridized resonances are known to develop. 18, 19 When the NP is close to the sidewall of a NH, the metallic sidewall acts as a mirror enabling the development of a gap plasmon. Early work on a Au NP in an aperture in a gold film demonstrated large field enhancement and enhanced Raman scattering, but did not consider the polarization and excitation angle dependence of the response or its spectral response under normal incidence excitation. 20 Moreover, the Au NPs in the study were chemically bound to the bottom of the nanohole, resulting in variable gap sizes and unpredictable resonance frequencies. Jahr et al. detected DNA hybridization events using gold nanoparticles in nanoholes in a chromium film but did not utilize gap plasmons. 21 Cecchini et al. investigated surface-enhanced Raman scattering (SERS) from functionalized Au nanoparticles flowing through a nanopore in a gold film, 22 but the correlation between particle position and spectral response was not investigated. The present work investigates the optical response of a new hybrid Au-Al NP-in-a-hole system. Figure 1(a) shows the proposed structure consisting of a Au nanoparticle located inside a nanohole in an Al film on a glass substrate, covered by a liquid analyte. For brevity, we will refer to this geometry as the hole-in-one (HiO) structure. The Au NP touches the oxide-coated Al sidewall enabling the development of a strongly confined gap plasmon mode. A native oxide spacer layer on the Al sidewall leads to a natural minimum gap size, resulting in a predictable resonance wavelength. In addition, the oxide improves thermal and mechanical stability and removes the need for organic spacer molecules that could introduce a background signal in biochemical sensing with the structure. 23 This new Au-Al hybrid geometry provides a reliable plasmonic hot-spot and enables facile normal-incidence excitation and detection. This configuration could be used to detect optical signatures from molecules adsorbed on the structure or diffusing into the hot-spot. A combination of nanosphere lithography and NP deposition was used to fabricate HiO structures. First, 110 nm diameter polystyrene (PS) beads were drop coated onto a glass coverslip, followed by thermal evaporation of a 37 nm Al film (deposition rate ∼5 Å/s). Exposure to air leads to the formation of a few-nm thick native oxide on all exposed Al surfaces. Removal of the PS beads leaves behind ∼110 nm diameter holes in the Al film. Subsequently, 60 nm diameter Au particles were drop coated onto the sample from colloidal solution, placing a NP in a small fraction of the holes. Nanoholes containing a NP were located using darkfield microscopy before and after drop coating of the colloidal Au NP solution.
Figure 1(b) shows a darkfield microscopy image of a typical sample region after hole formation but before Au NP deposition. The green scattering spots originate from the nanoholes in the Al film. A typical Scanning Electron Microscopy (SEM) image of a NH is shown in Fig. 1(d) . Figure 1 (c) presents a darkfield microscopy image of the same area taken after Au NP deposition. Note that an additional pale-yellow scattering spot appears (red arrow). This feature corresponds to an isolated Au NP on the Al surface, as seen in the SEM image in Fig. 1 (e). The hole indicated by the magenta arrow shows a reduced brightness and a more pale yellow or orange color. Similar changes in optical signature were observed at different locations on the sample. Figure 1 (f) shows an SEM image of one of these structures, revealing a HiO structure containing a gold nanoparticle in close contact with the sidewall of a circular hole in the Al film. This off-center particle configuration seems to be favorable, which we attribute to capillary forces acting on the particle during the drying process after drop-coating. Note that while the presented fabrication steps produce relatively few HiO structures, the yield may be improved using capillary force mediated techniques similar to the templated self-assembly method. 24, 25 Figure 1(g) presents darkfield scattering spectra obtained from the structures indicated by the arrows in Fig. 1(c) . The spectral response under off-normal excitation was collected at N.A. = 0.75 and was analyzed using selective area darkfield spectroscopy. Spectra were calculated using the formula I = (I NS − I ref )/I ref , where I NS and I ref are the dark-current corrected signals from the structure and a nearby Al area, respectively. The nanohole shows a broad featureless scattering spectrum, with a maximum in the blue-green spectral region. In contrast, the scattering spectrum of the isolated Au NP shows a prominent resonance peak ∼585 nm with a full width at half maximum (FWHM) of ∼105 nm, corresponding to a gap plasmon resonance between the Au NP and the oxidized Al film. 16 The HiO spectrum from the structure shown in Fig. 1 (f) shows a scattering peak at ∼660 nm with a similar scattering intensity and linewidth as the isolated Au NP. This suggests that the HiO structure supports a gap-plasmon mode, with a modified spectral response due to the curvature and finite height of the Al sidewall. Figure 2 (a) shows a darkfield microscopy image of the HiO, Au NP, and nanohole labelled by the arrows in Fig. 1(c) . The image was rotated clockwise by 90
• for presentation purposes. The isolated Au NP shows the characteristic red ring-shaped scattering pattern associated with surface-normal gap plasmon resonances of single Au NPs on metallic substrates. 1, 15, 16 Figure 2(b) shows the same structures with a linear analyzer inserted in the collection path of the microscope at six different analyzer angles. This transforms the ring-shaped scattering pattern of the isolated Au NP into a dumbbell-shaped image, due to the radial polarization of the scattered light from the gap plasmon resonance. The NH and HiO structures remain circularly symmetric upon rotation of the analyzer, demonstrating that these scattering features are not dominated by a surface-normal polarization, a first indication that the HiO structure is better suited for normal incidence excitation and collection than the isolated Au NP. As the analyzer is rotated, the scattering color of the nanohole remains unchanged while the HiO structure exhibits a clear color shift varying between red and green. Figure 2 (c) presents an SEM image of the sample area shown in Figs. 2(a) and 2(b) . A corresponding zoom-in image of the HiO structure is shown in the left inset in Fig. 2(d) .
The polar plot in Fig. 2(d) shows the recorded peak scattering intensity as a function of analyzer angle, revealing maximum scattering at an angle of ∼60
• . The SEM image of this HiO structure in Fig. 2(d) shows that the Au NP touches the oxidized Al sidewall of the nanohole at this same angle, corresponding to the symmetry axis of the structure (dashed white line). The two spectra shown in Fig. 2(d) were recorded with the analyzer oriented along the light and dark magenta arrows in the SEM image. Note that the HiO structure indeed appears red in Fig. 2(b) when the analyzer is aligned with the symmetry axis. The observed variation in color and scattering intensity upon rotation of the analyzer is attributed to the polarization direction of the gap plasmon which is predominantly along the symmetry axis of the structure. Consequently, the scattered light is predominantly polarized along this axis, and rotating the analyzer angle away from this axis will reduce the gap-plasmon related contribution to the scattering spectrum and reduce the red gap-plasmon related contribution in the collected image.
To investigate the optical response of the HiO structures under normal incidence excitation, transmission measurements were carried out. Figure 3 (a) presents the normal-incidence transmission spectra of the HiO structure and the nanohole marked by the magenta and green arrows in Fig. 1(c) . The same background subtraction procedure used to calculate scattering spectra was applied. The inset shows the corresponding transmission microscopy image. The transmission spectrum of the nanohole is broad and virtually featureless, similar to the NH scattering spectrum in Fig. 1(g) . The transmission spectrum of the HiO, on the other hand, shows a region of enhanced transmission at ∼670 nm with a FWHM linewidth of ∼140 nm. This matches the scattering peak of the HiO structure in Fig. 1(g) suggesting that the sidewall gap plasmon mode is successfully excited under normal incidence illumination.
To clarify the nature of the transmission peak in Fig. 3(a) , numerical simulations were carried out. 26 The simulations consider a 60 nm diameter Au NP in a 110 nm diameter nanohole in a 37 nm thick Al film on a glass substrate with the Au NP touching the sidewall. A 3.4 nm thick native Al 2 O 3 layer is assumed to be present on the sidewalls of the NH. 16 Literature data were used for the dielectric functions. [27] [28] [29] Figure 3(b) shows the simulated transmission spectra of a HiO structure and of an isolated nanohole in an Al film. The transmission spectrum of the HiO structure exhibits a peak resonance wavelength of ∼645 nm and a FWHM linewidth of ∼120 nm while the simulated nanohole transmission spectrum is broad and featureless, both in good agreement with the measured results. The good correspondence between experiment and simulation in Figs. 3(a) and 3(b) allows us to estimate the experimentally achieved field enhancement.
Figures 3(c) and 3(d) show the simulated electric field enhancement factor |E(r)/E inc | of the HiO structure at 625 nm, corresponding to the main resonance frequency, where E(r) is the simulated electric field distribution and E inc the amplitude of the incident wave. The top view in Fig. 3(c) represents a field cut at the height where the NP touches the sidewall, and the side view in Fig. 3(d) shows a field cut normal to the sample surface along the HiO symmetry axis. The hot-spot occurs near the sample surface and is extremely confined near the junction between the Au NP and the oxidized sidewall of Al film, with a peak field enhancement factor as high as 52. The field distribution closely resembles the gap-plasmon of a NP-on-a-mirror structure, but with a predominant field polarization parallel to the sample surface. The polar plot in Fig. 3(b) shows the electric field enhancement factor at the junction of the HiO structure under excitation at 625 nm with the incident electric field polarized along the HiO symmetry axis, as a function of the angle of incidence, with 90
• corresponding to normal incidence top illumination. The HiO structure produces a large field enhancement factor over a wide range of angles in the surface-normal planes oriented along (red curve) and normal to (blue curve) the HiO symmetry axis, under both top and bottom illuminations. The gray curve shows the corresponding data for a Au NP on a flat Al film under TM excitation. The HiO structure produces significantly larger field enhancement factors for near-normal excitation angles and offers a more angle-invariant response compared to that of the NP-on-mirror geometry. Note that the gap-plasmon mode of the HiO structure can be excited through the glass substrate, enabling optical interrogation even in the presence of a strongly absorbing analyte solution. The omnidirectional excitation of strong gap-plasmon enhanced local electric fields makes the presented HiO geometry ideal for applications that rely on normal incidence optical inspection of large area arrayed sensor elements.
In conclusion, we have investigated hybrid hole-in-one nanostructures consisting of a gold nanoparticle in a nanopore in an aluminum film. The structure supports a strong gap-plasmon resonance with convenient optical access to the hot-spot and it can be fabricated using simple and low-cost methods. The self-limiting growth of a 3-4 nm thick native Al 2 O 3 layer introduces a natural minimum spacing between the Au and Al surfaces, reducing variability in gap size and enabling a reproducible resonance wavelength. The oxide layer thickness can be increased uniformly to further control the resonance frequency of the structure through anodization. 16 A prominent plasmon resonance peak in both scattering and normal incidence transmission spectra indicates that gap-plasmons supported by the HiO structures can be excited and detected at high and near-normal angles of incidence. Simulations of the structure match the experimental results and suggest a maximum field enhancement factor of ∼52 under normal incidence illumination. The structure generates strong field enhancement over a wide range of excitation angles with a hot-spot near the film surface. This is attractive for optical sensing applications such as SERS and fluorescence sensing 30, 31 that leverage the enhanced electric field and the small optical mode volume. The nanohole also acts as a zero-mode-waveguide ensuring reduced excitation of fluorescence in the analyte, reduced transmission of any excited fluorescence back to the illumination side, and providing a small sampling volume which could allow the use of undiluted analyte solutions. [31] [32] [33] [34] [35] [36] These traits make the HiO structure ideal for implementation as a sensing element in large-area ultrasensitive biochemical sensor arrays. This work has been made possible thanks to the financial support from the National Science Foundation (No. NSF CHE-1213182).
